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Interior  and  Exterior  Laser-Induced  Fluorescence  and  Plasma 
Measurements  within  a  Hall  Thruster 
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We  describe  results  of  a  study  of  emissive-probe-based  plasma  potential  measurements  and  laser-induced  flu¬ 
orescence  velocimetry  of  neutral  and  singly  ionized  xenon  in  the  plume  and  interior  portions  of  the  acceleration 
channel  of  a  Hall  thruster  plasma  discharge  operating  at  powers  ranging  from  250  to  725  W.  Axial  ion  and  neutral 
velocity  profiles  for  four  discharge  voltage  conditions  (100,  160,  200,  and  250  V)  are  measured  as  are  radial  ion 
velocity  profiles  in  the  near-field  plume.  Axial  ion  velocity  measurements  both  inside  and  outside  the  thruster  as 
well  as  radial  velocity  measurements  outside  the  thruster  are  performed  using  laser-induced  fluorescence  with 
nonresonant  signal  detection.  Neutral  axial  velocity  measurements  are  similarly  performed  in  the  interior  of  the 
Hall  thruster  with  resonance  fluorescence  collection.  Optical  access  to  the  interior  of  the  Hall  thruster  is  provided 
by  a  1-mm-wide  axial  slot  in  the  outer  insulator  wall.  The  majority  of  the  ion  velocity  measurements  used  partially 
saturated  fluorescence  to  improve  the  signal-to-noise  ratio.  Probe-based  plasma  potential  measurements  extend 
from  50  mm  outside  the  thruster  exit  plane  to  the  near  anode  region  for  all  but  the  highest  discharge  voltage 
condition.  For  each  condition,  the  axial  electric  field  is  calculated  from  the  plasma  potential,  and  the  local  elec¬ 
tron  temperature  is  determined  from  the  difference  between  the  floating  and  plasma  potentials.  These  two  sets 
of  measurements  delineate  the  structure  of  the  plasma  and  indicate  that  the  ionization  and  acceleration  regions 
are  somewhat  separated.  Also,  these  measurements  indicate  a  region  of  low  electric  field  near  the  thruster  exit, 
especially  at  the  higher  discharge  voltages.  This  region  of  near  constant  potential  (low  electric  field)  may  be  a  result 
of  oscillations,  which  enhance  the  local  plasma  conductivity. 


Introduction 

ECAUSE  of  their  high  specific  impulse  and  thrust  efficiencies, 
Hall  thrusters  are  now  being  considered  for  use  on  commer¬ 
cial,  research,  and  military  spacecraft.  This  technology  provides 
economic  advantages  for  a  number  of  missions,  and  its  use  can  be 
translated  into  lower  launch  mass,  longer  time  on  station,  or  larger 
payloads.1  To  extend  the  performance  and  operating  envelope  of 
Hall  thrusters,  there  is  a  need  for  increased  understanding  of  the 
complex  phenomena  that  control  propellant  ionization  and  accel¬ 
eration  within  the  discharge.  To  more  fully  understand  the  physics 
in  these  discharges,  several  laboratory  model  Hall  thrusters  have 
been  constructed  at  Stanford  University.  These  thrusters  serve  as 
test  articles  for  model  development  and  advanced  plasma  diagnos¬ 
tics  including  laser-induced  fluorescence  (LIF),  probes  of  various 
types,  and  thrust  measurements.2-4 

Laser-based  techniques  have  been  developed  to  nonintrusively 
probe  neutral  and  ionized  xenon.  Such  measurements  in  the  plumes 
of  Hall  and  other  types  of  ion  thrusters  provide  important  informa¬ 
tion  on  the  expansion  of  the  plasma  plume  and  its  potential  effect  on 
satellite  propulsion  design  and  integration.  Laser-based  diagnostic 
measurements  have  been  previously  employed  to  examine  plume 
plasma  properties  in  other  electric  propulsion  devices.  For  exam¬ 
ple,  the  hydrogen  arcjet  has  been  extensively  studied  using  lasers  to 
measure  velocity,  temperature,  and  electron  number  density.5  How¬ 
ever,  few  measurements  (especially  optical  measurements)  have 
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been  made  within  the  interior  discharge  of  these  devices.6  The  high 
spatial  resolution  of  single-point  LIF  is  essential  in  probing  nonuni¬ 
form  plasma  environments  such  as  those  inside  Hall  thrusters  and 
other  electric  propulsion  devices. 

Both  axial  ion  velocity  measurements  inside  and  outside  the 
thruster  and  radial  velocity  measurements  outside  the  thruster  are 
performed  using  LIF  with  nonresonant  signal  detection  exciting  the 
xenon  ion  5d[4]7/2-6pL3J5/2  electronic  transition  while  monitoring 
the  signal  from  the  6v  [2J3/2— 6 /z  [3]5/2  transition.  Neutral  axial  ve¬ 
locity  measurements  are  similarly  performed  in  the  interior  of  the 
Hall  thruster  using  the  6.s|  ]2  transition  with  resonance  flu- 

ore  scencecollection.  The  majority  of  the  velocity  measurements  use 
partially  saturated  fluorescence  to  improve  the  signal-to-noise-ratia 

Use  of  emissive  plasma  potential  probes  provides  near  instanta¬ 
neous  measurement  of  the  local  plasma  potential.  With  these  mea¬ 
surements,  the  electric  field  may  be  calculated  by  differentiationof 
the  plasma  potential  field.  Measurements  of  this  kind  are  important 
because  Hall  thrusters  are  electrostatic  devices  in  which  propel¬ 
lant  ions  are  accelerated  via  electric  body  forces.  Although  the  use 
of  emissive  probes  is  intrusive,  it  provides  a  more  reliable  measure¬ 
ment  of  the  plasmapotential than  swept  langmuirprobes  when  clean 
electron  saturation  currents  cannot  be  obtained. 

Theory 

LIF 

The  interaction  of  a  laser  beam  with  a  plasma  involves  the  optical 
excitation  of  a  number  of  atoms,  or  ions,  to  higher  energy  states. 
The  excitation  is  more  likely  to  occur  if  the  laser  is  tuned  to  the  en¬ 
ergy  difference  hvi2  between  an  upper  and  lower  energy  level.  The 
interaction  can  be  investigated  by  either  monitoring  the  resulting 
reduction  in  laser  power  following  propagation  through  the  plasma 
(absorption),  or  by  monitoring  the  subsequentspontaneousemission 
as  the  resulting  excited  state  relaxes  to  a  lower  state  (LIF).  Monitor¬ 
ing  the  fluorescence  as  the  laser  is  tuned  over  the  transition  provides 
a  measure  of  the  fluorescence  excitation  line  shape  and  is  favored 
for  the  higher  spatial  resolution  that  it  affords  in  the  determination 
of  plasma  parameters.  The  spatial  resolution  of  LIF  measurements 
is  determined  by  the  intersection  of  the  probe  laser  beam  with  the 
optical  collection  volume. 
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If  an  absorber  has  a  velocity  component  u  along  the  axis  of  the 
laser  beam,  it  will  absorb  the  light  at  a  frequency  shifted  from  that 
of  stationary  absorbers  due  to  the  Doppler  effect.  The  magnitude 
of  this  frequency  shift  <5t>i2  depends  on  the  speed  u  along  the  laser 
beam  axis. 


Sv12  =  i’i2  (u/c)  (1) 

where  c  is  the  speed  of  light.  The  Doppler  shift  of  an  absorbers  fluo- 
rescenceprofile  away  from  the  line  centerof  v12  stationaryabsorbers 
is  in  proportion  to  u  (Ref.  7). 

Xenon  Spectroscopy 

The  nine  stable  isotopes  of  xenon,  the  propellant  most  commonly 
used  in  Hall  thrusters,  each  have  a  slight  difference  in  their  elec¬ 
tron  transition  energies  due  to  their  differences  in  mass.8  The  odd 
mass  isotopes  are  further  spin  split  due  to  nuclear  magnetic  dipole 
and  electric  quadrapole  moments.  Nuclei  that  have  an  odd  number 
of  protons  and/or  an  odd  number  of  neutrons  possess  an  intrinsic 
nuclear  spin  Ih /2n,  where  I  is  integral  or  half-integral  depending 
on  whether  the  atomic  mass  is  even  or  odd,  respectively.9  For  nu¬ 
clei  with  nonzero  nuclear  spin  (angular  momentum),  there  exists 
an  interaction  of  the  nucleus  with  the  electron  shell.  This  interac¬ 
tion  leads  to  the  splitting  of  levels  with  angular  momentum  J  into  a 
number  of  components,  each  corresponding  a  specific  value  of  the 
total  angular  momentum  F  (Ref.  10).  Details  of  how  hyperfine  spin 
splitting  affects  the  spectra  of  xenon,  and  in  particular  with  regard 
to  the  transitions  studied  here,  are  described  elsewhere.3 

For  the  results  reported  here,  we  probed  the  823.2-  and  834.7- 
nm  electronic  transitions  of  neutral  and  singly  ionized  xenon,  re¬ 
spectively.  The  isotopic  and  nuclear-spin  effects  contributing  to 
the  hyperfine  structure  of  the  6.s[y]?-6p[y|2  neutral  xenon  tran¬ 
sition  at  823.2  nm  produce  21  spectral  lines  (Fig.  la).  Similarly, 
the  5</[4]7/2-6p[3]5/2  xenon  ion  transition  at  834.7  nm  has  a  total 
of  19  isotopic  and  spin  split  components  (Fig.  lb).  The  hyperfine 
splitting  constants  that  characterize  the  variations  in  state  energies 
are  only  known  for  a  limited  set  of  energy  levels.  These  are  available 
for  the  neutral  823.2-nm  transition.  However,  the  834.7-nm  xenon 
ion  transition  only  has  data  on  the  nuclear  spin  splitting  constants 
of  the  upper  state,  and  no  information  is  available  on  the  transition- 
dependent  isotope  shifts.11-13 

For  velocity  measurements,  it  is  convenientto  probe  more  acces¬ 
sible  transitions  for  which  there  is  incomplete  knowledge  of  the  iso¬ 
topic  and  nuclear-spin  splitting  constants.  Manzella  has  previously 
used  the  5rfL4]7/2-6/7L3]5/2  xenon  ion  transitionat  834.7  nm  to  make 
velocity  measurements  in  a  Hall  thrusterplume.14  A  convenientfea- 
ture  of  this  transition  is  the  presence  of  a  relatively  strong  line  orig¬ 
inating  from  the  same  upper  state  (6s[2]3/2-6/7[3]5/2  transition  at 
541.9  nm),  which  allows  for  nonresonant  fluorescence  collection.15 
A  nonresonant  fluorescence  scheme  is  preferred  where  there  is  the 
possibility  of  laser  scattering  from  internal  surfaces  of  the  discharge. 


Fig.  1  Nuclear  spin  splitting  of  the  a)  neutral  xenon  6s[  4  ] — 6/j [  |]2  and 
b)  singly  ionized  xenon  5rf[4]7/2-6p[3]5/2  transitions. 


Plasma  Potential  Measurements 

When  an  electrically  isolated  conductor  is  placed  in  contact  with 
a  plasma,  the  more  mobile  electrons  are  depleted  in  the  sheath  re¬ 
gion  near  the  probe  surface.  The  resulting  electron  retarding  sheath 
causes  the  conductorto  float  at  a  potential  (j>  /  lower  than  the  plasma 
potential  (Ref.  16).  One  method  that  is  commonly  used  to  mea¬ 
sure  the  plasma  potential  is  to  heat  a  probe  until  a  sufficient  number 
of  electrons  are  thermionically  emitted  from  the  probe  surface  to 
neutralize  the  sheath.  Ideally,  a  neutralized  sheath  allows  the  probe 
to  float  at  the  local  plasma  potential.  The  advantage  of  using  such 
an  emissive  probe  is  in  its  simplicity  in  design  and  interpretation  of 
results.  It  avoids  the  interpretation  of  swept  probe  current-voltage 
characteristicsin  a  plasma  with  a  significant  magnetic  field  for  which 
present  theory  is  inadequate,  or  in  which  electron  saturation  is  dif¬ 
ficult  to  achieve.  Emissive  probes  also  avoid  the  issues  associated 
with  the  presence  of  impurity  layers,  such  as  oxide  layers,  which 
are  otherwise  difficult  to  remove  and  distort  the  current-voltage 
characteristic.17 

The  relationship  between  the  plasma  potential  and  the  floating 
potential  can  also  be  used  to  estimate  the  electron  temperature  Te. 
This  requires  an  analysis  of  the  electron  and  ion  transport  to  an 
electrically  floating  surface  in  contact  with  the  local  plasma.  If  we 
assume  that  the  probe  electron  flux  is  retarded  by  the  difference 
potential  between  the  floating  and  the  plasma  potentials  (</>/  —  <j>p) 
and  that  the  ion  current  is  limited  by  the  Bohm  current  at  the  sheath 
edge,  then  equating  the  electron  and  ion  fluxes  gives17 

4>f  —  <pp  =  —(kTe/e)  ln[M (2) 

where  k  is  the  Boltzmann  constant,  M  is  the  ionic  mass,  me  is  the 
electron  mass,  and  e  is  the  elementary  charge.  It  is  seen  from  Eq.  (2) 
that  measurements  of  the  plasma  and  floating  potentials  directly 
yield  the  electron  temperature.  The  spatial  variation  in  the  plasma 
potential  may  be  differentiated  to  yield  the  electric  field  E. 

Experiment 

Test  Facility 

The  Stanford  high  vacuum  test  facility  consists  of  a  nonmag¬ 
netic  cylindrical  stainless  steel  vessel  approximately  1  m  in  diam¬ 
eter  and  1.5  m  in  length.  The  facility  is  pumped  by  two  50-cm 
diffusion  pumps  mounted  on  the  ends  of  the  chamber.  The  diffu¬ 
sion  pumps  are  backed  by  a  425  1/s  mechanical  pump.  Figure  2 
shows  a  schematic  of  the  vacuum  chamber.  The  base  pressure  with 
no  flow  is  approximately  10-6  torr  as  measured  by  an  ionization 
gauge  calibrated  for  nitrogen.  Chamber  backgroundpressures  were 
approximately  10-4  torr  (3  x  10-5  torr  on  xenon,  =1=50%)  during 
testing.  Propellant  flow  to  the  Hall  thruster  anode  and  cathode  is 
throttled  by  two  Unit  Instruments  1200  series  mass  flow  controllers 
factory  calibrated  for  xenon.  The  propellant  used  in  this  study  was 
research  grade  (99.995%)  xenon. 

The  thruster  is  mounted  on  a  two-axis  translation  system.  In  the 
vertical,  the  thruster  has  a  range  of  travel  of  approximately  30  cm. 
In  the  axial,  or  horizontal,  direction,  the  thruster  is  constrained  to 
a  total  travel  of  approximately  8  cm.  Both  stages  have  resolutions 
on  the  order  of  10  /x m.  Although  the  repeatability  is  considerably 
courser,  it  is  still  significantly  less  than  the  dimensions  of  the  laser 
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Fig.  2  Stanford  high  vacuum  facility,  collection  optics,  and  LIF  probe 
beam  access  for  axial  velocimetry  with  a  cutaway  view  showing  mounted 
Hall  thruster. 
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Fig.  3  Cross  section  of  the  Stanford  Hall  thruster:  A)  is  the  central  iron 
core,  B)  the  outer  iron  cores,  C)  the  anode  and  propellant  distribution 
system,  and  D)  the  alumina  insulator. 


probe  volume  in  the  axial  dimension  (approximately  100  /x m  diam¬ 
eter  by  2  mm  long).  For  internal  LIF  measurements,  the  thruster  is 
mounted  on  a  platform  supported  by  the  axial  translation  stage  and 
a  linear  ball  bearing  pillow  block.  A  cut  out  of  the  platform  provides 
optical  access  through  the  slot  in  the  outer  thruster  insulator  into  the 
acceleration  channel  from  below.  A  view  of  the  thruster  mounting 
scheme  is  shown  in  Fig.  2. 

Hall  Thruster 

The  thrusterused  in  this  study  has  been  described  elsewhere.18  It 
has  4  outer  magnetic  windings  consisting  of  89-mm-long,  25-mm- 
diam  cores  of  commercially  pure  iron  wrapped  with  6  layers  of 
22  gauge  Kapton®  insulated  copper  magnet  wire.  The  inner  core  is 
25  mm  in  diameter  and  89  mm  in  length  and  has  12  layers  of  magnet 
wire.  The  depth  of  the  electrical  insulator  is  84  mm.  The  insulator 
is  constructed  from  two  sections  of  cast  99.9%  alumina  tubing  cut 
to  length.  These  two  pieces  are  cemented  to  a  machinable  alumina 
plate  attached  to  the  back  plate  of  the  thruster  with  nonconducting 
fasteners.  The  thruster  acceleration  channel  has  an  outer  diameter 
of  95  mm  and  a  12  mm  width.  A  cross-sectional  view  of  the  thruster 
is  shown  in  Fig.  3.  Not  shown  in  Fig.  3  is  the  external  hollow  cath¬ 
ode  neutralizer.  The  cathode  used  to  neutralize  the  ion  beam  and 
sustain  the  anode  discharge  is  an  Ion  Tech,  Inc.,  HCN-252  hollow 
cathode  capable  of  supporting  a  maximum  5-A  emission  current. 
It  is  mounted  to  the  rear  of  the  thruster  on  a  stainless  steel  bracket 
such  that  the  plane  of  the  cathode  exit  is  20  mm  beyond  the  thruster 
exit  plane. 

For  this  effort,  a  second  insulator  was  constructed.lt  is  identical  to 
the  insulator  just  described  with  the  addition  of  a  slot  approximately 
1  mm  wide  along  the  length  of  the  outer  wall  cut  with  a  diamond 
saw  before  assembly.  The  slot  provides  optical  access  to  the  interior 
of  the  Hall  thruster.  Operation  of  the  Hall  thruster  with  the  slotted 
insulator  does  not  differ  significantly  from  the  operation  with  the 
unslottedinsulator.  The  current- voltagecharacteristicsare  identical. 
The  slot  width  was  selected  to  be  less  than  the  local  electron  Larnior 
radius  to  minimize  its  influence  on  the  discharge  properties.  Despite 
the  presence  of  the  slot,  optical  access  to  the  interior  is  still  limited 
near  the  exit  plane  by  the  front  plate  of  the  magnetic  circuit,  preclud¬ 
ing  optical  measurements  very  near  the  exit  plane.  The  front  iron 
plate  is  not  cut  because  this  would  modify  the  local  magnetic  field. 

LIF 

The  experimental  apparatus  used  for  the  LIF  measurements  has 
also  been  described  in  detail  elsewhere.3  It  consists  of  a  tunable 
Coherent  899-21  single-frequency  titanium  sapphire  laser,  actively 
stabilizedto  provide  linewidthson  the  order  of  1  MHz  with  near-zero 
frequency  drift.  Scan  widths  of  up  to  20  GHz  can  be  realized  at  center 
wavelengthsbetween680and  1060  nm.  The  titanium  sapphire  laser 
is  pumpedby  a  Coherent  Nd:  YAG  solid  state  Verdi®  pump  laser.  The 
tunable  laser  wavelength  is  monitored  by  a  Burliegh  Instruments 
WA-1000  scanning  Michaelson  interferometer  wavemeter  with  a 
resolution  of  0.0 1  cm- 1 .  A  schematic  of  the  laser  system  is  shown 
in  Fig.  4. 
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Fig.  4  LIF  laser  system  and  apparatus. 
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Fig.  5  LIF  probe  beam  access  for 
radial  velocimetry. 


The  probe  beam  is  chopped  to  allow  for  phase  sensitive  detection 
and  is  directed  into  the  Hall  thruster  plume  by  a  series  of  mirrors. 
For  axial  velocimetry  measurements,  the  beam  is  focused  to  a  sub¬ 
millimeter  beam  waist  by  a  50-mm-diam,  1.5-m  focal  length  lens 
as  shown  in  Fig.  2.  For  radial  velocimetry  measurements,  the  probe 
beam  enters  throughaside  window  and  is  focusedby  a  50-mm-diam. 
50-cm  focal  length  lens  as  shown  in  Fig.  5.  The  collection  op¬ 
tics  for  both  radial  and  axial  velocity  measurements  consist  of  a 
75-mm-diam,  60-cm  focal  length,  collimating  lens.  The  collected 
light  is  then  focused  on  to  the  entrance  slit  of  a  0.5 -m  Ebert-Fastie 
monochrometer  with  a  50-mm-diam,  30-cm  focal  length  lens.  An 
optical  field  stop  is  placed  between  the  two  lenses  to  match  the 
f-numberof  the  optical  train  with  that  of  the  monochrometer,  which 
acts  as  a  narrowband  optical  filter  so  that  only  light  from  the  transi¬ 
tion  of  interest  is  collected.  With  entrance  and  exit  slits  fully  open 
(425  /im),  the  600-groove/mm  plane  grating  (blazed  for  600  nm) 
within  the  monochrometer  allows  the  exit  slit  mounted  Hamamatsu 
R928  photomultiplier  tube  to  sample  a  wavelength  interval  of  ap¬ 
proximately  1  nm.  The  orientation  of  the  monochrometer  allows 
the  slit  aperture  to  define  the  length  of  the  probe  beam  along  which 
the  fluorescence  is  collected.  The  sample  volume  for  the  axial  data 
presented  in  this  work  is  approximately  100  /jm  in  diameter  and 
2  mm  in  length.  Similarly,  the  sample  volume  of  the  radial  data 
is  approximately  100  /xm  in  diameter  and  1  mm  in  length.  Dur¬ 
ing  neutral  xenon  LIF  velocimetry  measurements,  a  portion  of  the 
probe  beam  is  split  from  the  main  beam,  passed  through  a  xenon 
glow  discharge  tube,  and  used  as  an  stationary  absorption  reference. 
A  silicon  photo-diode  monitors  the  absorption  signal.  The  glow  dis¬ 
charge  does  not  support  a  sufficient  population  of  excited  state  ions; 
therefore,  use  of  the  glow  discharge  tube  is  only  possible  for  neu¬ 
tral  xenon.  However,  the  unshifted  ion  transition  line  center  was 
confirmed  by  the  expectation  of  very  slow  moving  ions  near  the 
anode  and  by  radial  measurements  near  the  acceleration  channel 
center. 

The  LIF  signal  is  collected  using  a  Stanford  Research  Systems 
SRS-850  digital  lock-in  amplifier,  whereas  the  absorption  signal 
from  the  stationary  reference  is  collected  using  an  SRS-530  lock- 
in  amplifier.  Data  from  the  absorption  signal,  laser  power  output, 
and  the  wavemeter  are  stored  on  the  digital  lock-in  amplifier  using 
three  available  analog  inputs  along  with  the  LIF  signal.  Typical 
tests  consist  of  a  1 2-20  GHz  scan  of  the  probe  laser  frequency  over 
a  3-min  period.  The  probe  beam  is  chopped  by  an  SRS-540  optical 
chopper  at  a  frequency  of  1 .5  kHz.  Both  lock-in  amplifiers  use  1-s 
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time  constants.  Data  are  sampled  at  8  Hz.  producing  four  traces 
of  approximately  2000  points  for  each  velocity  data  point.  Several 
unsaturatedtraces  using  lower  laser  intensities  (less  than  10  W/cm2), 
10-s  time  constants,  and  10-rnin  scans  were  also  collected. 

Plasma  Potential  Measurements 

A  schematic  of  the  plasma  potential  probe  used  in  this  study  is 
shown  in  Fig.  6.  The  probe  body  is  a  6.35-mm-diammultibore  mul- 
lite  tube.  Two  500-/xm-diam  tantalum  leads  jacketed  by  the  mullite 
tube  electrically  connect  the  150-/xm-diam,  2%  thoriated  tungsten 
filament  to  the  external  power  circuit.  The  filament  is  formed  by 
winding  the  thoriated  tungsten  wire  8  turns  around  a  0.9-mm  man¬ 
drel  for  a  total  length  of  approximately  1  cm.  The  filament  is  sus¬ 
pended  between  the  two  tantalum  leads  with  a  separation  of  5  mm. 
During  measurements,  the  filamentcoil  axis  is  oriented  to  the  £  x  B 
(azimuthal)  direction  within  the  discharge  channel. 

Figure  6  also  shows  a  schematic  of  the  probe  electrical  circuit. 
The  probe  is  heated  using  a  10: 1  step  down  transformerpoweredby 
a  10- A  variable  transformer  connected  to  wall  current  (120-V  ac, 
60  Hz).  This  transfers  current  to  the  probe  while  allowing  the  probe 
circuit  to  float  at  the  plasma  potential.  The  current  heating  the  probe 
is  monitored  by  an  ammeter  to  ensure  repeatability  of  the  measure¬ 
ments.  The  plasma  potential  is  measured  by  a  voltmeter  relative  to 
the  thruster  ground  (connected  to  an  Earth  ground  through  the  vac¬ 
uum  chamber).  The  emissive  plasma  potential  probe  is  similar  to 
those  used  by  Morozov  et  al.19  in  a  previous  Hall  thruster  study. 

The  probe  was  mounted  on  a  translation  stage  that  allowed  mo¬ 
tion  of  the  probe  into  the  thrusteraccelerationregion.  A  typical  test 
procedure  consisted  first  of  moving  the  probe  into  the  plasma  re¬ 
gion  of  interest.  At  this  time,  the  floating  potential  of  the  plasma 
would  be  recorded.  Subsequently,  a  current  of  4  A  heated  the  probe 
for  approximately  5  s  at  which  time  the  high-temperature  floating 
potential  (plasma  potential)  would  be  recorded.  The  probe  current 
would  then  be  turned  off,  and  the  probe  would  be  moved  to  a  new 
position  to  interrogate  a  new  portion  of  the  plasma.  Because  of  the 
width  of  the  probe,  measurements  within  the  thruster  were  limited 
to  the  channel  center. 

The  plasma  potential  measurements  are  found  to  have  a  repeata¬ 
bility  of  approximately  ±3  V.  A  study  of  the  variation  in  the  mea¬ 
sured  probe  potential  with  current  (ac)  through  the  probe  filament 
(see  Fig.  7)  suggests  that  the  measurements  are  accurate  to  within 
approximately  3  V  of  the  plasmapotential.  Because  the  spatial  mea¬ 
surements  reportedin  this  work  were  taken  at  a  fixed  filament  current 
(4  A),  the  estimated  uncertainty  in  the  reported  plasma  potential  is 
—3 /+ 6  V.  The  related  uncertainty  of  the  electron  temperaturecan  be 
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Fig.  7  Emissive  plasma  potential  probe  floating  characteristics  at 
Z  =  13  mm,  D  =  0  mm  at  a  discharge  voltage  of  200  V. 


calculated  from  the  uncertainty  associated  with  the  measurement  of 
the  plasma  and  the  floating  potentials  and  is  approximately  ±0.5  eV. 
With  the  use  of  the  Bohrn  criterion  Eq.  (2),  the  calculated  electron 
temperatures  should  be  viewed  as  a  lower  bound  to  the  true  electron 
temperature. 

Note  that,  at  100  V.  the  lowest  discharge  voltage  examined,  the 
discharge  current  does  not  appreciably  vary  during  insertion  and 
removal  of  the  probe  (<8%).  In  all  cases,  the  discharge  current  does 
not  vary  when  the  probe  is  heated.  At  higher  discharge  voltages, 
the  discharge  current  is  strongly  affected  by  the  position  of  the 
6-mm-diam  probe  within  the  acceleration  channel.  For  all  cases 
above  160  V  when  the  probe  tip  is  traversing  the  first  20  mm  within 
the  accelerationchannel.the  discharge  current  rises  to  nearly  130% 
of  the  nominal  value.  Placing  the  probe  further  into  the  thruster 
beyond  20  mm,  raises  the  potential  an  additional  10%,  or  less.  This 
effect  is  not  seen  during  100-V  operation. 

Results  and  Analysis 

The  Hall  thruster  was  operated  at  four  conditions  for  the  work 
reported  here.  At  each  condition,  the  peak  magnetic  field  was  125 
G,  the  mass  flow  to  the  anode  was  2.0  mg/s,  and  the  mass  flow 
to  the  external  hollow  cathode  was  0.3  mg/s.  The  test  conditions 
corresponded  to  discharge  voltages  of  100,  160,  200,  and  250  V. 
The  anode  currents  for  these  conditions  are  2.1, 2.4,  2.6,  and  2.9  A, 
respectively.  The  total  power  consumed  by  the  cathode  and  magnet 
circuit  was  approximately  30  W. 

All  spatially  resolved  measurements  are  referenced  to  a  two  co¬ 
ordinate  system  shown  in  Fig.  8.  The  position  in  the  radial  coordi¬ 
nate  is  referenced  to  the  radial  midpoint  of  the  acceleration  channel 
using  the  variable  D,  defined  as  positive  toward  the  thruster  center- 
line.  The  axial  coordinate  is  given  by  Z,  which  is  the  distance  from 
the  thruster  exit  plane,  and  is  defined  as  positive  along  the  thrust 
vector. 

Xenon  Ion  LIF  Velocimetry 

The  axial  LIF  velocimetry  measurements  consist  of  two  data  sets 
for  each  operating  condition.  The  first  data  set  consists  of  ion  ve¬ 
locity  measurements  taken  externally  extending  from  the  exit  plane 
to  approximately  Z  =  35  mm.  The  second  data  set  contains  internal 
axial  velocity  measurements  taken  from  the  exit  plane  to  approx¬ 
imately  Z  =  —75  mm.  These  ranges  are  imposed  by  the  limited 
travel  of  the  translation  stage  that  provides  axial  motion  to  the  Hall 
thruster.  Axial  velocimetry  measurements  were  taken  every  2.5  mm 
with  a  sample  probe  volume  of  100  /jm  in  diameter  and  2  mm  long. 
For  several  of  the  test  conditions  examined,  profiles  of  the  axial  ve¬ 
locity  across  the  coordinate  D  were  also  examined.  Measurements 
of  near  plume  radial  velocities  were  also  performed.  These  mea¬ 
surements  are  limited  to  the  plume  due  to  the  limited  optical  access 
to  the  interior  of  the  Hall  thruster. 

The  complete  axial  velocity  profiles  for  the  four  cases  examined 
are  shown  in  Fig.  9.  The  error  bars  correspondto  the  ±500  m/s  un¬ 
certainty  associated  with  the  determination  of  the  magnitude  of  the 
Doppler  shift  relative  to  the  unshifted  line  center.  The  axial  velocity 
profiles  exhibit  the  expectedbehavior.  The  velocity  is  near  zero  close 
to  the  anode  (Z  =  —78  mm),  and  begins  to  rise  at  Z  =  — 10  mm  at 
the  edge  of  the  accelerationzone.  The  ions  are  rapidly  acceleratedin 
the  region  of  the  exit  plane  and  reach  their  full  velocity  in  the  neigh¬ 
borhood  of  Z  =  20  mm.  This  position  corresponds  to  the  location 
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Coordinate  system  for  referencing  locations  of  measurements. 
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Fig.  9  Axial  xenon  ion  velocity  measurements  at  D  =  0  mm  for  dis¬ 
charge  voltages  of  100, 160, 200,  and  250  V. 
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of  the  hollow  cathode  neutralizer  relative  to  the  body  of  the  thruster 
and  is  sometimes  referred  to  as  the  cathode  plane  in  the  literature.14 

The  length  of  the  acceleration  region  in  all  cases  is  invariant 
at  30  mm.  Therefore,  increases  in  the  anode  potential  result  in  a 
concomitant  increase  of  the  axial  electric  field  component  within 
the  acceleration  channel.  The  initial  acceleration  is  seen  to  begin 
at  10  mm  within  the  thruster  where  the  magnetic  field  has  a  value 
of  approximately  85%  of  the  centerline  maximum.  The  propellant 
acceleration  is  completed  20  mm  beyond  the  exit  plane  when  the 
magnetic  field  has  a  value  of  approximately  25%  of  the  centerline 
maximum. 

Significant  acceleration  of  the  ionized  propellant  occurs  outside 
the  Hall  thruster.  This  is  consistent  with  the  results  first  identified 
in  a  Hall  discharge  with  a  much  shorter  acceleration  channel  (see 
Ref.  2).  The  velocity  increment  imparted  to  the  propellant  outside  of 
the  Hall  thruster  is  essentially  constant,  is  invariant  with  discharge 
voltage,  has  an  average  value  of  5000  m/s.  Only  for  the  100-V 
case  does  the  majority  of  the  acceleration  occur  outside  the  thruster. 
Higher  discharge  voltages  appear  to  have  a  constant  percentage  of 
the  acceleration  occurring  externally.  It  is  more  informative  to  cast 
this  result  in  terms  of  the  kinetic  energy  deposited  into  the  propel¬ 
lant.  In  the  case  of  the  100-V  discharge  operation,  approximately 
90%  of  the  energy  is  deposited  into  the  propellant  between  the  exit 
and  cathode  planes.  For  the  250-V  case,  the  fraction  of  energy  de¬ 
position  beyond  the  exit  plane  is  nearer  to  60%.  The  majority  of  the 
energy  deposition  into  the  Hall  thrusterpropellantoccurs  outside  the 
thruster.  However,  because  the  thrust  is  proportional  to  the  momen¬ 
tum  flux,  rather  than  the  energy  flux,  the  majority  (65  %)  of  the  thrust 
is  still  generated  within  the  thruster  in  all  cases  above  100  V.  Note 
that  in  all  cases  approximately  60  eV  is  unaccounted.  This  value 
is  constant  to  within  the  uncertainties  of  the  velocity  measurement 
and  implies  that  the  mechanism  responsible  for  this  loss  is  invariant 
with  the  applied  anode  potential.  This  energy  loss  may  be  a  product 
of  the  anode  and  cathode  potential  falls,  or  other  mechanisms  com¬ 
mon  to  these  discharges,  for  example,  distributionof  ion  production 


Table  1  Ion  acceleration  characteristics 
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Fig.  10  Radial  profiles  of  axial  xenon  ion  velocity  measurements  for 
several  discharge  voltages  and  locations. 


region,  or  resistive  losses  in  regions  of  low  ionization  fractions. 
These  results  are  summarized  in  Table  1 .  Note  that  these  measure¬ 
ments  are  limited  to  axial  velocities,  and  plume  divergence  is  not 
considered. 

Several  radial  profiles  of  the  axial  ion  velocity  in  Fig.  10  illus¬ 
trate  the  radial  variation  of  the  measured  axial  velocities  for  a  dis¬ 
charge  voltage  of  1 60  V  at  two  locations  in  the  plume  and  one  within 
the  thruster  for  a  discharge  voltage  of  200  V.  The  axial  velocity  pro¬ 
file  is  nearly  flat,  which  strongly  implies  lines  of  constant  potential 
in  the  radial  direction.  The  slightly  concave  distribution  inside  the 
channel  (200-V  case)  is  consistent  with  the  expected  equipotential 
surfaces  associated  with  the  radial  magnetic  field. 

Radial  velocity  measurements  were  also  performed  in  the  plume. 
Shown  in  Fig.  1 1  are  radial  measurementsfor  the  four  operating  con¬ 
ditions  at  an  axial  position  Z  =  13  mm.  The  flow  exiting  the  Hall 
thruster  is  highly  divergent.  The  propellant  stream  has  a  substantial 
radial  velocity,  especially  away  from  the  center  of  the  acceleration 
channel.  The  profile  is  symmetrical  and  linear  with  the  accelera¬ 
tion  channel  center,  D  =  0  mm,  where  the  radial  velocity  is  near 
zero.  Combined  with  the  preceding  axial  velocity  measurements 
and  the  knowledge  that  the  axial  velocity  is  independent  of  D,  vec¬ 
tor  plots  of  the  near  plume  may  be  constructed.  Figure  12  shows  a 
vectorplotconstructedfor  the  200-V  case.  Here  the  radial  velocities 
vary  linearly  with  D  with  peak  values  above  6000  m/s  as  close  as 
Z  =  13  mm  and  D  =  8  mm.  A  prominent  feature  of  a  Hall  thruster 
plume  is  the  luminous  central  cone  originating  at  the  thruster  axis 
adjacent  to  the  center  pole  piece.  Although  the  propellant  stream 
exits  the  thruster  in  an  annulus,  an  intense,  optically  emitting  coni¬ 
cal  feature  extends  a  significant  distance  into  the  vacuum  chamber 
(10-30  cm  for  our  background  pressures)  and  is  especially  evident 
at  higher  discharge  voltages.  The  inward  focus  of  the  divergentpro- 
pellant  flow  is  likely  a  contributing  mechanism  in  the  formation  of 
this  intriguing  feature,  which  is  not  precisely  understood. 

Ion  Line  Shape  Analysis 

The  hyperfine  splitting  constants  for  the  xenon  ion  5d[4]7/2- 
6p[3]5/2  transitionat  834. 7  nni  are  only  known  for  the  upper6pL3]5/2 
state.  The  isotope  shifts  for  this  transition  are  also  unknown.  Al¬ 
though  this  does  not  greatly  impact  the  accuracy  to  which  velocities 
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Fig.  11  Radial  profiles  of  radial  xenon  ion  velocity  measurements  for 
several  discharge  voltages  at  Z  =  13  mm. 


Fig.  12  External  xenon  ion  velocity  field  calculated  from  radial  and 
axial  velocity  measurements  for  a  200-V  discharge  voltage. 


may  be  determined,  it  does  impact  the  ability  to  use  this  transitionfor 
accurate  measurements  of  the  ion  velocity  distribution,  or  tempera¬ 
ture.  Note  that  the  notion  of  a  temperature  for  the  ions  in  this  flow  is 
highly  tenuous  because  the  ions  may  be  treated  kinetically.  do  not 
suffer  many  collisions,  and  are  created  at  distributed  axial  locations 
within  the  discharge.  Furthermore,  a  time-averaged  broadening  of 
the  fluorescence  excitation  spectracan  arise  due  to  oscillationsin  the 
zone  of  ionization.  King20  has  shown  by  mass  and  resolved  energy 
analysis  that  the  axial  velocity  of  the  ions  has  an  energy  distribution 
of  approximately  10  eV  (in  the  far  field)  due  in  part  to  the  plasma 
oscillations  within  the  Hall  thruster.  The  issue  of  the  distribution  of 
ion  velocities  due  to  the  axial  location  where  they  were  created  is 
minimized  by  examining  the  fluorescence  spectra  in  the  radial  di¬ 
rection  at  a  location  with  near- zero  radial  velocity.  The  spectra  are 
taken  from  the  position  with  the  minimum  measured  velocity,  ap¬ 
proximately  100  m/s  (±500  m/s)  at  a  location  of  D  =  0  mm  and 
Z  =  1 3  mm.  For  a  temperature  to  be  extracted  from  the  measured 


Fig.  13  Model  fit  to  unsaturated  radial  fluorescence  trace  at  a  dis¬ 
charge  voltage  of  200  V  at  D  =  0  mm  and  Z  =  13  mm. 


line  shape,  the  ion  population  is  assumed  to  be  Maxwellian,  or  at 
least  frozen  in  a  close  facsimile.  In  addition,  the  line  shape  is  as¬ 
sumed  to  be  primarily  Doppler  broadened. 

An  estimate  of  the  ion  kinetic  temperature  with  uncertainties  of 
40-70%  is  possible.  A  radial  excitation  unsaturated  fluorescence 
trace  is  shown  in  Fig.  1 3  and  compared  to  a  line  shape  model  devel¬ 
oped  by  Cedolin.21  The  model  uses  the  5d[3]7/2  lower  level  hyper- 
fine  spin  splitting  and  isotopic  shift  data  from  the  605.1-nm  tran¬ 
sition  and  the  measured  splitting  data  for  the  upper  6pL3]5/2  level. 
Lorentzian  broadening  is  neglected,  and  only  Doppler  broadening  is 
considered.  The  best  fit  of  this  model  predicts  a  kinetic  temperature 
of  approximately  450  K.  The  model  does  not  completely  predict 
the  outlying  features,  but  this  is  expected  because  the  spin  splitting 
constants  for  the  5rfL3]7/2  state  are  used  for  the  lower  level  rather 
than  those  for  the  5d[4]7/2  state  probed  here.  A  check  of  the  un¬ 
certainty  of  the  preceding  analysis  may  be  performed  by  variously 
simplifying  to  the  line  shape  model.  If  hyperfine  splitting  is  ig¬ 
nored  and  only  the  isotope  shifts  correspondingto  the  values  for  the 
605. 1-nm  transition  are  used,  the  model  predicts  a  kinetic  temper¬ 
ature  of  approximately  800  K.  Finally,  by  neglecting  all  hyperfine 
splitting  mechanisms,  including  isotopic  and  nuclear-spin  splitting, 
an  absolute  maximum  temperature  of  1700  K  is  determined  from 
the  fluorescence  Doppler  half-width.  The  uncertainty  of  this  mea¬ 
surement  is  in  large  part  due  to  the  uncertainties  of  the  spectral  data, 
as  well  as  due  to  the  noise  in  the  fluorescence  signal.  A  similar  mea¬ 
surement  in  the  plume  of  a  stationary  plasma  thruster  (SPT-100)  by 
Manzella14  yielded  a  kinetic  temperature  of  approximately  800  K. 
Note  that  Manzella  used  an  incorrect  value  of  J  for  the  lower  state, 
which  was  first  misidentified  by  Humphreys22  and  propagated  by 
Moore23  before  finally  being  corrected  by  Hansen  and  Persson.15 

Neutral  LIF  Velocimetry 

Figure  14  shows  the  results  of  axial  neutral  xenon  velocity  mea¬ 
surements  within  the  accelerationchannel.  The  four  cases  examined 
show  very  similar  behavior.  The  initial  velocity  near  the  anode  is 
very  low.  The  neutral  velocity  slowly  rises  until  a  position  of  ap¬ 
proximately  20  mm  within  the  thruster.  At  this  point,  where  the  ion 
acceleration  is  also  seen  to  begin,  the  neutrals  are  accelerated  at  a 
higher  rate  until  near  the  exit  plane  where  the  acceleration  appears 
to  slow  and  even  possibly  reverse  when  the  thruster  is  operated  at 
higher  voltages.  The  decrease  in  neutral  xenon  velocity  is  likely  due 
to  thruster  ingestion  of  background  xenon.  Because  the  effect  ap¬ 
pears  to  grow  with  increased  discharge  voltage,  it  is  possible  that 
a  portion  of  the  propellent  flow  reflected  from  nearby  vacuum  fa¬ 
cility  walls  (now  entirely  consisting  of  neutrals)  is  ingested  by  the 
thruster. 

Because  of  the  highly  nonequilibrium  nature  of  the  Hall  thruster, 
it  is  important  to  understand  the  apparentaccelerationof  the  neutrals 
beginning  40  mm  upstream  of  the  exit  plane.  The  plasma  within  the 
Hall  thrusteris  required  to  be  of  low  collisionalityby  the  constraint 
that  the  magnetic  field  limit  the  electron  flux  to  the  anode.  The 
disparate  velocities  of  the  ions  and  neutrals  strongly  suggest  that  the 
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Fig.  14  Axial  neutral  velocity  measurements  at£>  =  Omm  for  discharge 
voltages  of  100, 160, 200,  and  250  V. 


neutral  and  ion  populations  are  not  coupled.  As  such,  the  apparent 
acceleration  of  the  neutrals  may  actually  be  an  artifact  of  their  time 
of  flight  through  the  volumetric  zone  of  ionization.  Slower  neutrals 
have  a  greater  probability  of  being  ionized  than  do  neutrals  in  the 
high-energy  portion  of  the  velocity  distribution.  Therefore,  neutrals 
from  the  high-energy  range  of  the  velocity  distribution  are  more 
likely  to  reach  the  upstream  portion  of  the  acceleration  channel.  In 
this  case,  there  is  not  an  actual  accelerationof  the  neutrals,  but  rather 
a  depletion  of  the  slower  moving  neutrals  by  ionization. 

The  depletion  of  the  slower  neutral  velocity  classes  accounting 
for  the  apparent  acceleration  of  the  neutrals  as  seen  in  Fig.  14 
may  be  qualitatively  explained  by  considering  the  one-dimensional 
Boltzmann  equation  (see  Ref.  24): 

u—[nf{u)]  =  —[nf  (u)]neS,  (3) 

3  z 

where  n  is  the  neutral  number  density,  u  is  the  neutral  velocity 
class,  z  is  the  spatial  coordinate,  f(u)  is  the  velocity  distribution 
function,  ne  is  the  local  plasma  electron  number  density,  and  5, 
is  the  ionization  rate  coefficient.  The  generalized  one-dimensional 
Boltzmann  equation  is  simplified  here  by  assuming  the  process  is 
steady  with  no  external  forces  and  that  the  sole  depletionmechanism 
for  the  neutral  velocity  classes  is  electron  collisional  ionization. 

Equation  (4)  may  be  easily  integrated  with  respect  to  nf(u)  to 
produce  an  analytic  solution  if  the  ionization  rate  coefficient  5,  and 
the  electron  number  density  ne  are  assumed  to  be  constant.  In  this 
case,  the  population  of  the  u  velocity  class  nf(u)  exponentially 
decays  with  the  spatial  variable  z  moderated  by  the  value  of  u: 


The  qualitative  conclusion  drawn  from  this  straightforward  anal¬ 
ysis  of  the  one-dimensional  Boltzmann  equation  is  that  the  neutral 
density  in  a  model  plasma  is  depleted  along  the  Z  axis  due  to  neutral- 
electron  collisional  ionization.  This  relative  depletion  depends  on 
the  velocity  class.  Neutrals  in  the  lower  velocity  classes  have  a 
greater  probability  of  being  ionized  when  passing  through  the  zone 
of  ionization  than  neutrals  of  higher  velocity  classes.  Therefore,  the 
apparent  acceleration  of  the  neutrals  in  Fig.  14  is  most  likely  the 
result  of  the  depletion  of  the  slower  moving  neutrals  rather  than  an 
acceleration  process. 

Plasma  Potential  Measurements 

Because  Hall  thrusters  are  electrostatic  accelerators,  knowledge 
of  the  plasma  potential  is  important  in  understanding  the  propel¬ 
lant  acceleration  process.  A  comparison  between  the  ion  velocity 
measurements  and  the  plasma  potential  measurements  provides  an 
insight  into  the  dynamics  and  ionizationprocesses  within  the  accel¬ 
eration  channel. 

Figure  15  shows  the  measured  axial  plasmapotentialandelectron 
temperature  for  the  four  test  conditions.  Each  data  trace  shows  sim¬ 
ilar  behavior  where  the  potential  is  constant  in  the  far  plume  near  a 
value  of  25  V.  As  the  probe  traverses  into  the  thruster  acceleration 
channel,  the  potential  rises  significantly  as  the  impedance  of  the 
radial  magnetic  field  to  the  axial  electron  current  is  encountered. 
The  plasma  potential  has  reached  80-90%  of  the  anode  potential  by 
Z  =  —20  mm.  The  remaining  10-20%  of  the  potential  is  distributed 
between  this  position  and  the  anode  and  is  a  major  inefficiency  as 
few  ions  are  produced  here.  The  250  V  case  is  incomplete  due  to 
failure  of  the  probe. 

The  electron  temperature  calculated  using  Eq.  (2)  is  also  shown 
in  Fig.  15.  The  electron  temperature  is  at  a  relatively  low  value 
(2.5-3  eV)  in  the  plume  and  rises  with  the  rising  plasma  potential 
to  a  maximum  located  between  Z  =  —  8  and  —10  mm.  The  electron 
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Fig.  15  Axial  profiles  of  plasma  potential  (+6/-  3  V)  and  electron  tem- 
(4)  perature  (±0.5  eV)  at£)  =  0  mm. 
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temperature  then  begins  to  fall  even  though  the  plasma  potential 
is  only  at  80%  of  the  anode  potential.  Closer  to  the  anode  (Z  < 
—40  mm),  the  electron  temperature  again  begins  to  rise.  This  effect 
becomes  more  pronounced  as  the  discharge  voltage  increases.  For 
a  100-V  discharge,  the  electron  temperature  rise  near  the  anode  is 
nearly  imperceptible.  At  160  V,  the  rise  is  well  defined,  and  at  200  V, 
the  rise  in  electron  temperature  near  the  anode  approaches  the  peak 
temperatures  of  the  exit  plane. 

There  have  been  reports  of  similar  electron  temperature  behavior 
in  Hall  discharges.Inastudyby  Morozov et  al., 19  a  two-dimensional 
potential  field  of  a  Hall  thruster  of  similar  geometrical  dimensions 
operating  on  argon  at  a  discharge  voltage  of  400  V  was  mapped.19 
Strong  variation  in  the  radial  direction  of  the  plasma  potential  was 
found  in  the  30  mm  nearest  to  the  anode  within  an  acceleration 
channel  of  138-mm  total  length.  Such  measurements  were  not  pos¬ 
sible  on  the  Stanford  Hall  thruster  due  to  relative  sizes  of  the  probe 
body  and  acceleration  channel;  however,  a  similar  potential  field 
is  implied  in  this  case  because  it  would  produce  a  radial  electric 
field  near  the  anode  that  would  heat  local  electrons  to  the  elevated 
temperatures  seen  in  Fig.  15. 

Radial  profiles  of  the  plasma  potential  and  the  derived  electron 
temperature  at  Z  =  13  mm  are  shown  in  Fig.  16.  The  data  show  a 
portion  of  the  structure  within  the  near- field  plume.  The  asymmetry 
is  indicative  of  the  development  of  the  bright  central  core  feature. 
This  asymmetry  manifests  itself  the  greatest  at  low  discharge  volt¬ 
ages,  where  the  potential  near  the  central  magnetic  core  remains  at 
a  higher  value  than  it  does  toward  the  periphery  (lesser  values  of 
D ).  This  phenomenon  lessens  at  higher  discharge  voltages;  how¬ 
ever,  the  differencebetween  the  potentials  within  the  core  and  those 
in  the  outer  portion  of  the  plume  remains  approximately  10  V  in 
all  cases .  Less  mixing  is  occurring  as  the  ionized  propellant  stream 
has  greater  momentum  with  increased  discharge  voltage.  This  may 
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Fig.  16  Radial  profiles  of  plasma  potential  (+6/-  3  V)  and  electron 
temperature  (±  0.5  eV)  at  Z  =  13  mm. 
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Fig.  17  Axial  electric  field  components  calculated  from  plasma  po¬ 
tential  measurements  and  from  LIF  velocimetry  measurements  at 
D  =  0  mm. 


explain  the  extended  plume  structure  seen  at  the  higher  discharge 
voltages .  The  electron  temperature  data  exhibit  similar  asymmetry  to 
the  plasma  potential  data,  especially  at  the  lower  discharge  voltages. 
However,  this  asymmetry  is  less  pronouncedthan  it  is  for  the  plasma 
potential  data. 

Electric  Field  Calculations 

The  axial  component  of  the  electric  field  shown  in  Fig.  17  is 
derived  from  the  plasma  potential  data  in  Fig.  15.  Figure  17  also 
presents  the  electric  field  calculated  by  determining  the  ion  kinetic 
energy  from  the  velocimetry  data  in  Fig.  9  then  differentiating  to 
produce  an  effective  electric  field.  The  two  data  sets  are  similar  indi¬ 
cating  that  the  ionizationand  accelerationregions  within  the  thruster 
are  separated  to  some  degree.  The  differences  between  the  two  sets 
of  curves  are  due  to  the  differences  between  the  measurements.  Ion 
creation  occurs  in  a  volume  and,  therefore,  the  LIF-derived  plasma 
potentials  are  only  valid  beyond  the  region  of  ion  creation  that  ap¬ 
pears  to  lie  near  Z  =  — 10  mm.  There  is  some  ionization  occurring 
throughout  the  acceleration  channel.  Some  ions  are  created  in  re¬ 
gions  where  the  electric  field  is  high,  and  this  masks  the  detection 
of  local  electric  fields  using  velocimetry  data,  especially  if  the  ion 
creation  region  is  large  and  the  ion  velocities  are  distributed.  For 
the  plasma  potential  probe,  the  primary  source  of  uncertainty  is  the 
degree  of  disturbance.  The  LIF  velocimetry  is  less  intrusive  with 
only  the  addition  of  the  slot  in  the  insulator. 

Although  both  data  sets  in  Fig.  17  show  similar  trends,  some 
of  the  features  are  different,  particularly  those  more  than  10  mm 
within  the  Hall  thruster  exit  plane.  Between  Z  =  — 10  mm  and  the 
anode,  there  exists  only  a  small  population  of  ions  with  low  axial 
velocities  with  uncertain  creation  and  loss  rates.  Velocimetry  stud¬ 
ies  prove  inadequate  to  study  the  potential  and  electric  field  in  this 
region,  but  potential  probe  measurements,  assuming  that  they  do  not 
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significantly  perturb  thruster  operation,  provide  better  measurement 
of  the  electric  field.  Near  the  exit  plane,  it  is  likely  that  the  probe 
masks  the  higher  gradients  of  the  plasma  potential  due  to  the  per¬ 
turbation  of  the  plasma  flowfield. 

Both  general  trends  agree,  particularly  near  the  exit  plane  where  a 
dip  in  the  electric  field  is  apparent.  This  sudden  change  in  the  shape 
of  the  electric  field  near  the  exit  plane  is  visible  in  both  data  sets  and 
increases  with  discharge  voltage.  When  it  is  assumed  that  the  axial 
current  is  a  constant  and  because  the  local  radial  magnetic  field  is 
continuous,  the  dips  in  the  electric  field  are  attributed  to  changes  in 
the  local  plasma  conductivity  indicating  a  sharp  drop  in  the  electron 
temperature,  a  rise  in  the  electron  density,  or  plasma  fluctuations. 
The  measured  electron  temperature  does  not  support  the  former. 
A  sharp  rise  in  the  electron  density  is  probably  not  indicated  be¬ 
cause  the  plasma  density  should  decrease  with  increasing  discharge 
voltage  due  to  the  increased  ion  velocity.  Plasma  oscillations  have 
already  been  shown  to  be  the  cause  of  so-called  anomalous  diffu¬ 
sion  of  electrons  through  magnetic  field  lines.25'26  A  recent  study  has 
shown  that  significant  plasma  density  oscillations  with  a  character¬ 
istic  frequency  of  approximately  10  kHz  occur  near  the  exit  plane.27 
These  oscillations  are  capable  of  increasing  the  local  plasma  con¬ 
ductivity  and  significantly  lowering  the  electric  field  as  shown  in 
Fig.  17. 

Figure  18  shows  the  radial  component  of  the  electric  field  cal¬ 
culated  from  the  radial  plasma  potential  measurements  presented 
in  Fig.  16.  The  radial  electric  field  component  peaks  at  a  relatively 
large  value  and  shows  the  electrostatic  forces  focusing/defocusing 
the  plume.  The  radial  electric  field  increases  with  discharge  voltage 
from  a  peak  value  near  1000  V/m  at  100  V  operation  to  approxi¬ 
mately  2500  V/m  at  a  discharge  voltage  of  250  V.  The  peak  value  of 
the  radial  component  of  the  electric  field  at  this  location  in  the  plume 
is  approximately  equal  to  the  axial  component  at  this  location.  The 
variation  of  the  radial  electric  field  is  similar  to  the  variation  seen  in 
the  axial  component  of  the  thruster  magnetic  field.  The  impedance 
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Fig.  18  Radial  electric  field  components  in  the  plume  at  Z  =  13  mm. 


Fig.  19  Plot  of  the  axial  and  radial  components  of  the  magnetic  field 
(±  1  G)  at  Z  =  3  mm. 


of  the  plasma,  whether  either  classical  or  enhanced  electron  diffu¬ 
sion  holds,  is  a  function  of  the  magnetic  field  strength.  Figure  19  is 
a  plot  of  the  magnetic  field  components  at  Z  =  3  mm.  The  variation 
of  the  axial  portion  of  the  magnetic  field  is  of  most  interest.  The 
radial  electric  field  appears  to  follow  closely  the  behavior  of  the  ax¬ 
ial  magnetic  field.  The  effect  of  density  may  be  visualized  from  the 
variation  of  discharge  voltage.  As  the  discharge  voltage  is  increased, 
the  velocity  of  the  ion  propellant  stream  rises  and  the  plasma  density 
falls.  Along  with  the  fall  in  plasma  density,  the  conductivity  falls 
and  the  radial  electric  field  increases. 

Conclusions 

Measurements  of  xenon  ion  and  neutral  velocities  were  obtained 
in  the  plume  and  into  the  interiorof  the  thrusterthrougha  1  -mm- wide 
slot  in  the  outer  insulator  wall.  From  these  measurements,  informa¬ 
tion  on  propellantenergy  deposition,  electric  field  strength,  and  flow 
divergence  were  extracted.  Ion  velocity  measurements  of  axial  ve¬ 
locity  both  inside  and  outside  the  thruster,  as  well  as  radial  velocity 
measurements  outside  the  thruster,  were  performed  using  LIF  with 
nonresonant  signal  detection  using  the  xenon  ion  5£/[4]7/2— 6/z  [3J5/2 
electronic  transition  while  monitoring  the  signal  from  the  6s  [2]3/2- 
6p[3]5/2  transition.  Neutral  velocity  measurements  were  similarly 
obtained  in  the  interior  of  the  Hall  thruster  using  the  6s  [3/2]?- 
6p[3/2]2  transition  with  resonance  fluorescence  collection.  Most 
velocity  measurements  used  partially  saturated  fluorescence  to  im¬ 
prove  the  signal-to-noiseratio.  One  radial  trace  of  the  ion  transition 
was  taken  in  the  linear  fluorescence  region  and  yielded  a  plume 
ion  translational  temperature  between  400  and  800  K.  However, 
because  the  hyperfine  structure  constants  are  not  known  for  the 
5rf[4J7/2  level,  the  constants  for  the  5d[3]7/2  level  were  used  in¬ 
stead.  This  result  should,  therefore,  be  viewed  with  caution.  An 
upper  limit  on  the  kinetic  temperature  using  only  the  full  width  at 
half  maximum  assuming  no  hyperfine  splitting  yields  a  temperature 
of  1 700  K.  From  the  neutral  velocity  measurements,  the  neutrals  ap¬ 
pear  to  be  accelerated  within  the  thruster.  Conclusions  drawn  from 
analysis  of  the  one-dimensional  Boltzmann  equation  imply  that  the 
neutral  density  in  a  model  plasma  is  depleted  along  the  Z  axis  due  to 
neutral-electron  collisionalionizationand  that  the  relative  depletion 
depends  on  the  velocity  class  of  the  neutral  atom.  This  preferentially 
depletes  the  lower  velocity  classes  producing  the  apparent  acceler¬ 
ation  of  the  neutrals. 

Plasma  potential  measurements  were  made  in  the  plume  and  in¬ 
terior  of  the  thruster.  The  potential  measurements  showed  that  the 
far  plume  was  approximately  25  V  above  ground,  corresponding 
to  the  potential  of  the  electrons  produced  by  the  hollow  cathode 
neutralizer.  Electric  field  values  derived  from  the  plasma  potential 
measurements  show  that  the  fields  are  relatively  smooth  and  peak 
near  the  exit  plane.  Maximum  field  strengths  were  found  to  approach 
8000  V/m.  At  the  exit  plane,  the  axial  electric  fields  show  a  dip  that 
becomes  more  significant  with  increasing  discharge  voltage.  This 
dip  in  the  electric  field  may  be  due  to  the  locally  increased  con¬ 
ductivity  due  to  plasma  oscillations.  In  addition,  an  estimate  of  the 
electron  temperature  was  extracted  at  the  location  of  each  plasma 
potential  measurement. 
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